Recent studies of the subcellular compartmentation of starch synthesis have revealed differences be tween events in monocotyledenous endosperm compared with other starch storing tissues and species . ADPglucose pyrophosphorylase (AGPase) has been found to be located in both amyloplasts and cytosol of barley, rice and maize. We have found a similar distribution in developing endosperm of wheat , although as much as 30% of total cellular AGPase is localized in amyloplasts , a far higher proportion than for other species. Intriguingly the wheat amyloplast enzyme is activated only 2-fold by 3-phosphoglyceric acid (3-PGA) when assayed in the direction of ADPglucose (ADPG) synthesis, and 3-PGA does not reactivate the enzyme when it is inhibited by high concentrations of inorganic orthophosphate . In view of the cytosolic localisation of the majority of AGPase activity, we have studied the transport of ADPG into amyloplasts . The transporter has been reconstituted into artificial lipid bilayers and shown to counter-exchange ADPG with ATP , ADP or AMP , but the protein does not transport UDPglucose (UDPG). The import of ADPG from the cytosol into amyloplasts offers a means of regulating both the flux of carbon to the enzymes of starch synthesis , and the nature of the end product. The role of ADPG transport in controlling the partitioning of carbon between amylose and amylopectin will be discussed.
Storage starch is an important long-term carbon source for many plant species and represents a major component of the human diet, accounting for 75% of the daily calorific intake.'' Starches are synthesized by the action of ADPglucose: 1,4-a-D-glucan-4-glucosyl transferases (starch synthases, EC 2.4.1.21) and 1,4-a -D-glucan-6-a -[1 ,4-aglucan] -4-transferases (starch branching enzymes, EC 2.4.1.18) inside amyloplasts using the soluble precursor and substrate for starch synthases, ADPglucose (ADPG) . This article reports on recent research into aspects of ADPG metabolism within wheat endosperm cells , where ADPG is synthesized in both plastidial and extra-plastidial compartments, and discusses the consequences this has for the regulation of starch synthesis in cereal endosperms .
Synthesis of ADPglucose. Adenosine 5' diphosphate glucose pyrophosphorylase (AGPase, EC 2.7.7.27) is the enzyme responsible for the production of ADPG, and this reaction is the first committed step in the biosynthesis of both transient starch in chloroplasts/chromoplasts and storage starch in amyloplasts. AGPase from higher plants is heterotetrameric , consisting of two large (AGP-L) subunits and two small (AGP-S) catalytic subunits encoded by at least two different genes.2' Plants possess multiple genes encoding either the large or small subunits, or both, and these are differentially expressed in different plant organs. This means that the AGPase subunit composition may vary in different parts of the same plant in tissues such as potato,3' rice4' and barley.5' Until recently it was generally accepted that AGPase is exclusively located in plastids. However, this is not the case in cereal endosperm. Biochemical evidence indicates the presence of at least two distinct AGPase enzymes in maize,6' barley'' and riceg' which have been shown to correspond to plastidial and cytosolic isoforms of AGPase. In the developing endosperms of maize , barley and rice the cytosolic isoform accounts for 85-95% of the total AGPase activity.6-8' There is, however, no evidence that a cytosolic isoform of AGPase exists in the storage tissues of non-graminaceous species.9' If AGPase is expressed in the cytosol then the ratio of measurable ADPG to UDPG (present exclusively in the cytosol) would be expected to be higher in such tissues, compared with species where UDPG pyrophosphorylase and AGPase are in discrete subcellular compartments. Beckles et a1.9' made a thorough analysis of a large number of monocotyledonous and dictoyledeonous species and found that the ADPG : UDPG ratio was significantly higher in cereal endosperms, compared to other species and tissues . Subcellular localisation of AGPase in wheat endosperm. Cell fractionation studies were used to determine the subcellular location of AGPase and its distribution between plastidial and extra-plastidial compartments in de-* Corresponding autho r (Tel. + 1-519-824-4120, Fax. +1519-767-1991, E-mail: itetlow@uoguelph.ca). * * Present address: Department of B otany, University of Guelph (Guelph, Ontario, N 1 G 2W1, Canada) Abbreviations: AATP, ATP/ADP transporter; ADPG, adenosine 5' diphosphate glucose; ADPGT, ADPG transporter; AGPase, adenosine 5' diphosphate glucose pyrophosphorylase; AGP-L, large subunit of AGPase; AGP-S, small subunit of AGPase; DAP, days after pollination; HPT, hexosephosphate/Pi antiporter; Pi, inorganic orthophosphate; 3-PGA, 3-phosphoglyceric acid; PPi, inorganic pyrophosphate; UDPG, uridine 5' diphosphate glucose; G1c1P, glucose 1-phosphate. Approximately 12 g of endosperm was removed from the developing ears, and plastids were prepared and enzyme assays performed as described in Ref. 10) . The value in parentheses is an estimate of the percentage of the total AGPase activity that is plastidial, and calculated from the following equation used to estimate the percentage of extra-plastidial AGPase activity (using alkaline inorganic pyrophosphatase [EC 3.6.1.1 ] as the plastidial marker enzyme) taken from Beckles et al % Extra-plastidic activity = % plastid marker activity in pellet-% total AGPase activity in pellet % plastid marker activity in pellet-% cytosol marker activity in pellet AGPase activity was measured in the pyrophosphorolytic direction in the absence of 3-PGA and Pi. All values are means ± SE of three amyloplast preparations with each sample assayed in triplicate. veloping wheat endosperm ( Table 1 ). Amyloplasts were prepared from wheat endosperm during the major grain filling period (15-30 days after pollination, DAP) and the distribution of AGPase activity between the pellet and supernatant fractions was compared with the distributions of marker enzymes assumed to be confined either to the amyloplast stroma (plastidial marker enzymes) or to the cytosol (cytosolic marker enzymes). Data in Table 1 show that the proportion of AGPase activity in the pellet was higher than that of the cytosolic marker enzymes and considerably lower than that of the plastidial marker enzymes. These differences were statistically significant (p < 0.001), and based on the recovery of AGPase and the percentages of the cytosolic and plastidial marker enzymes found in the amyloplast pellets, we estimate that approximately 30% of the total AGPase activity in the endosperm is associated with amyloplasts. The estimate is based on the assumption that the AGPase recovered in the pellets comprises both plastidial and extra-plastidial (cytosolic) activities, and that these sediment to the same extent as the relevant plastidial and cytosolic marker enzymes.69j The analysis of the location of AGPase and organelle marker enzymes in wheat amyloplast preparations leads us to the conclusion that wheat endosperm, in common with maize, barley and rice,6-g) possesses plastidial and extra-plastidial (probably cytosolic) isoforms of AGPase. The proportion of plastidial AGPase activity is higher in wheat endosperms than with other cereals analysed at comparable stages of development; approximately 30% of AGPase activity in wheat was plastidial compared with around 15% in barley9) and only 6% in maize.5) The reason for the large difference between the proportions of plastidial and cytosolic AGPases in these cereals is unclear. It has been suggested that the function of a cytosolic AGPase is to allow more efficient partitioning of large amounts of carbon from sucrose into starch when there is a plentiful supply of sucrose in the endosperm.9) If this is the case, the relative proportions of cytosolic and plastidial AGPase within a tissue may be subject to any environmental factors which affect the sucrose content of the endosperm. Varied local growth conditions may be responsible for the observed differences in the amount of plastidial AGPase in the endosperms of the three cereals studied to date, as well as species differences. The spring wheat cultivar used in this study (Axona) has been grown in different laboratory glasshouses in different parts of the UK, and we have noted marked differences in the proportions of plastidial and cytosolic AGPases from the endosperms grown in the two locations (K. Denyer, personal communication). Western blotting experiments with wheat endosperm amyloplast and whole cell extracts showed that the sizes of the AGP-L and AGP-S for the cytosolic and plastidial forms of AGPase are different.10) Amyloplast AGPase is a smaller protein, with both subunits having smaller mass than their extra-plastidial (cytosolic) counterpart. Earlier studies with maize and Hordeum species also showed that the major cytosolic form of AGPase has an AGP-S which is larger than that of the plastidial isoform.57 9) In wheat endosperm, the calculated sizes of the non-plastidic AGP-L and AGP-S (58 and 55 kDa respectively) are commensurate with the known sequences""2 which align to the cytosolic sequences reported for other species, e.g., barley endosperm subunits.5"3) The sizes of the plastidial AGP-L and AGP-S for wheat were calculated to be 50-51 kDa,10) and are typical of those reported for other plastidial isozymes.6)
Biochemical properties of AGPase isoforms in wheat endosnerm. Whole cell extracts and preparations of amyloplast stroma were made from developing wheat endosperm 15-20 DAP. All samples were desalted on NAP-10 columns (Pharmacia) immediately before adding to synthetic and pyrophosphorolytic AGPase reactions . Experimental methods were as described previously. substrates and absence of 3-PGA.17) However, reductive activation of AGPases from the storage tissues of monocots has yet to be demonstrated.
The biochemical properties of the wheat amyloplast AGPase were analysed and compared with the properties of the enzyme in whole cell extracts (containing predominantly cytosolic AGPase) and are summarized in Table 2 .
In common with studies of AGPases from some storage tissues, the wheat AGPase was found to be largely insensitive to the allosteric effectors 3-PGA and Pi . [18] [19] [20] The activity of the plastidic AGPase from wheat endosperm (determined in the direction of ADPG synthesis) required 15 mM 3-PGA to achieve a 2-fold stimulation in rate ( Table 2 ). AGPase activity in whole cell extracts (containing cytosolic AGPase with approximately 30% plastidial AGPase) was insensitive to the addition of 15 mNi 3-PGA when assayed in either direction, and 20 mM Pi gave partial inhibition of 30-40% in the synthetic and pyrophosphorolytic reactions. Addition of 15 mM 3-PGA had no effect on the degree of Pi inhibition of AGPase from whole cell extracts (phosphorolytic direction) or from amyloplasts (forward or reverse directions). However, 3-PGA did appear to prevent Pi inhibition in whole cell extracts when measured in the direction of ADPG synthesis.
Expression of the barley endosperm cytosolic AGPase subunits appears to be developmentally regulated, with mRNAs for both the AGP-L and AGP-S appearing around 10-12 DAP.15) The equivalent subunits were cloned from wheat endosperm,"2) with AGP-S being expressed earlier in endosperm development than AGP-L; alignments of these wheat cDNAs with the barley cytosolic subunits indicates that they are virtually identical and therefore probably cytosolic forms of the wheat AGPase .
ADPG as a precursor for starch biosynthesis. In cereal endosperms, it appears that the majority of the AGPase activity is associated with the cytosol (see above). If the cytosolic AGPase plays any role in starch biosynthesis, then ADPG produced in the cytosol must be transported across the amyloplast envelope. Studies with intact amyloplasts of wheat2)) and maize endosperms22,23, have shown that isolated plastids are able to synthesize starch from exogenously supplied ADPG as well as from hexosephosphates and ATP (substrates for the AGPase reaction within the plastid). In isolated wheat endosperm amyloplasts the highest rates of starch synthesis were observed when ADPG was supplied to intact organelles , some four to five-fold in excess of the rate observed with glucose 1-phosphate (see Table 3 ). Dicotyledonous storage tissues, such as potato tuber, which do not possess a cytosolic AGPase,9) must synthesize ADPG within the amyloplast by importing hexosephosphate and ATP. Hexosephosphate transporters from a number of heterotrophic tissues have been cloned24) and the functionally expressed proteins are able to counter-exchange glucose 6-phosphate and Pi with a stoichiometry of 1:1, but are unable to transport glucose 1-phosphate. However, the reconstituted hexosephosphate transporter from wheat amyloplast envelopes was able to counter-exchange glucose 1phosphate and Pi with the same exchange stoichiometry as the glucose 6-phosphate/Pi antiporter. 25) Whichever hexosephosphate is transported across the plastid envelope, the utilization of imported hexosephosphates for starch biosynthesis depends upon a supply of ATP for the plastidial AGPase reaction.2),26) Whilst ATP could be generated within the plastid by oxidative metabolism,27) studies with potato tubers suggest that a plastidial ATP/ADP transporter (AATP) is more significant in regulating starch synthesis when ADPG is synthesized within amyloplasts. [28] [29] [30] The AATP is distinct from its mitochondrial counterpart and is highly specific for ATP and ADP, showing no affinity toward ADPG or other nucleotide sugars. The activity of the AATP has a profound effect on starch synthesis. For example, decreasing AATP activity leads to a reduction in starch synthesis, whilst increasing activity by heterologous expression of the Arabidopsis thaliana AATP led to an increase in starch synthesis in potato tubers. Importantly, the relative activity of There was a direct relationship between the activity of the AATP in transgenic potato tubers and the ADPG content and the ratio of amylose : amylopectin.)91 It is highly likely, therefore, that manipulation of ADPG transport in cereal amyloplasts will have similar effects on amylose :
amylopectin ratios in the starch granule as observed in the transgenic potato tubers.
The transport of ADPG into plastids. Examination of the subcellular distribution of AGPases in cereal endosperms (see above) suggests that activity is predominantly cytosolic during the most active period of grain-filling from around 10 DAP, although the plastidial form is still present. This implies that ADPG import is the major route of carbon entry into the amyloplast during the most active period of starch synthesis in the endosperms of cereals such as wheat. Indeed, direct transport of ADPG to the starch syntheses within the plastid may be a more efficient way of partitioning carbon into starch than the separate import of hexosephosphates and ATP, each of which could be used in other metabolic pathways within the organelle. The requirement to transport ADPG into the amyloplast cannot be met by the AATP because of the substrate specificity of this protein (see above). The Btl mutant of maize lacks a 44 kDa protein in the amyloplast envelope, and the developing kernels have an increased ADPG content. 23, 22) It has been proposed that the Btl locus of maize encodes an ADPG transporter,") though direct evidence that this is its actual function is lacking. Recently, the ADPG transporter has been partially purified from wheat endosperm envelope membranes, and crosslinking experiments with radiolabelled azido-ADPG shows the transporter has a mass of 38 kDa.14j When the partially purified protein is solubilised in detergent and reconstituted into liposomes it is able to catalyze the counter-exchange of ADPG with AMP, ADP or ATP. The transporter does not bind UDPG or other uridylates, which is consistent with the data presented in Table 3 . The crosslinking of radiolabelled azido-ATP to the partially purified ADPG transporter could be reduced by pre-incubations with counter-exchange substrates (Fig. 1) . Pre-incubations with ADPG or ADP caused greatest inhibition of crosslinking, suggesting the transporter has the highest affinity for these substrates and predominantly utilizes them in vivo ( Fig. 1) .
A detailed kinetic analysis of the ADPG transporter from wheat endosperm amyloplasts was undertaken using reconstituted amyloplast envelope membranes. Figure 2 shows that the time-dependent transport of 0.5 rum ADP [U-14C] glucose into proteoliposomes was essentially dependent upon the presence of a pre-loaded counterexchange substrate (provided at 20 mm) inside the proteoliposome. Rates of ADP [U-14C] glucose transport were greatest with AMP as a counter-exchange substrate ( Vmax = 1 .55 nmol min-) mg protein-) followed by ADP (Vmax =1 .04 nmol min ) mg protein )) and ATP (Vmax=0.38 nmol min-) mg protein-)). The previously reconstituted maize amyloplast ADPG transporter also showed highest rates of ADPG transport when AMP was provided as the counter-exchange substrate"). The ADPG transporter in plastid membranes may share similarities with other nucleotide sugar transporters, which tend to utilize the corresponding nucleotide monophosphate as the counterexchange substrate.
However, analysis of the substrate dependence of AMP and ADP import into proteoliposomes preloaded with ADPG by the ADPG transporter of wheat endosperm amyloplasts showed an almost 8-fold greater affinity for ADP than AMP (unpublished results). This suggests that in vivo, ADP may be the preferred counter-exchange substrate for the ADPG transporter. This also seems likely when the pathway of starch biosynthesis in cereals is considered (Fig. 3) , whereby When ADPG is synthesised inside the amyloplast by a plastidial AGPase (1) carbon must be imported in the form of hexosephos phates, glucose 1phosphate (G 1 c 1 P) or glucose 6phosphate via a hexosephosphate/Pi antiporter (HPT) and ATP imported via the AATP. In cereal endosperms, after approximately 10 DAP a cy tosolic AGPase (2) is expressed which provides ADPG in the cy tosol for transport into the amyloplast by the ADPG transporter (ADPGT), which probably counterexchanges ADPG for the ADP produced by starch synthases.
ADP is generated as a byproduct of the starch synthase reaction inside the amyloplast.
The ability of plastids to import ADPG may not be re stricted to monocotyledonous tissues which possess a cy tosolic AGPase. For example, amyloplasts isolated from potato tubers36' and sycamore (Acer pseudoplatanus) cell suspension cultures37' have been shown to import exoge nously supplied ADPG. The distribution of the ADPG transporter within different plants and tissues is currently unknown, as is the function of the protein in tissues ap parently lacking the capacity to synthesize ADPG outside the plastid. There is some evidence that the expression of the ADPG transporter coincides with the extraplastidial production of ADPG in wheat endosperm. The ADPG transporter can be identified by crosslinking to radiola belled azidoADPG, and it is not detected until 10 DAP.34' The radioactive crosslinker increases (and presumably the amount of ADPGT transporter) from 10 DAP up to 40 DAP, coinciding with the major period of grainfilling and consistent with observed changes in cytosolic AGPase expression in wheat and barley endosperm. 12 ,15) The work described in this paper has attempted to sum marise our understanding of the synthesis and transport of ADPG in cereal endosperms, and raises the probability that, in vivo, starch synthesis may occur as a result of ADPG synthesis in both amyloplasts and cytosol. Amy loplast AGPase in barley, maize, rice and wheat varies from 230% of the total activity, but it is unclear which pathway of ADPG synthesis predominates in vivo, though there is evidence of developmental regulation. If the ADPG transporter is the primary route for carbon entry into the amyloplast then it is likely to have a major im pact on the ratios of amylose and amylopectin in storage starches of cereals in much the same way as the AATP in potato tubers. 29' 
